The winter of 2009/2010 was characterized by record persistence of the negative phase of the North-Atlantic Oscillation (NAO) which caused several severe cold spells over Northern and Western Europe. This somehow unusual winter with respect to the most recent ones arose concurrently with public debate on climate change, during and after the Copenhagen climate negotiations. We show however that the cold European temperature anomaly of winter 2010 was (i) not extreme relative to winters of the past six decades, and (ii) warmer than expected from its record-breaking seasonal circulation indices such as NAO or blocking frequency. Daily flow-analogues of winter 2010, taken in past winters, were associated with much colder temperatures.
Introduction
The period December 2009 -January 2010 -February 2010 (hereafter winter 2010 was punctuated by series of cold weather events and unusual snow accumulation in several Northern Hemisphere countries (see http://www.ncdc.noaa.gov/sotc/). In Europe, three successive cold outbreaks and unusual persistence of snow cover were observed (see http://www.knmi.nl/cms/content/79165), which shaped the public perception of an exceptionally intense winter. Several states of Eastern United States also recorded their snowiest winter ever [Seager et al., 2010] while a few cities witnessed record-breaking cold daily temperatures [Wang et al., 2010] . These weather events occurred during and after intense media activity covering international climate negotiations in Copenhagen, and raised up questioning about global warming. A global perspective nevertheless highlights that winter 2010 was marked by a mean warm anomaly at global scale, especially over Greenland, Canada, North-Africa and Middle East (see http://data.giss.nasa.gov/gistemp/maps/). Understanding and improving the predictability of such mid-latitude cold spells is a key societal issue, since their fate in both frequency and intensity in a warming climate directly impacts sectors of energy demand, transport disruption and social emergency protection systems. This paper focuses on European cold temperatures of winter 2010. The European wintertime climate is mostly driven by atmospheric dynamics over the North-Atlantic -European (NAE) area [Walker , 1924] , characterized by a baroclinic instability of the westerly jet stream which generates planetary waves traveling from North-Eastern America to the European continent [e.g. Charney, 1947] . The unstable nature of the jet also triggers D R A F T August 26, 2010, 4:05pm D R A F T quasi-stationary circulation patterns of larger scale, often referred to as "weather regimes", which can persist from a few days to a few weeks [Legras and Ghil , 1985; Reinhold and Pierrehumbert, 1982; Vautard , 1990] . The seasonal-to-decadal variability in European temperatures has often been considered as driven by the frequency of occurrence of each regime [Vautard and Yiou, 2009; Philipp et al., 2007] . For instance the positive (negative) phase of the North Atlantic Oscillation (NAO) is generally associated with rather warm (cold) temperatures [e.g. Hurrell , 1995] , while the persistence of a high-pressure system over Northern Europe or the British Isles, often referred to as "European blocking" conditions, leads to cold and dry weather over Western Europe [e.g. Yiou and Nogaj , 2004 ].
Our aim is to investigate which weather regimes were associated to the cold winter 2010, and their interplay with the temperature anomaly. In particular we use the "flowanalogues" approach developed in Yiou et al. [2007] to analyze this temperature anomaly based on past relationships between atmospheric circulation and temperatures.
Data and methods
The daily atmospheric dynamics is analyzed through re-analyses of geopotential height at 500hPa (Z500) provided by National Centers for Environmental Prediction and National Center for Atmospheric Research (NCEP-NCAR) [Kistler et al., 2001] normalized surface pressures [Jones et al., 1998; Osborn, 2006 for each station, the daily "analog" temperature anomaly is defined as the median of daily temperature anomalies of the ten flow-analogue days. Using rather Euclidean distance or linear correlation for Z500 ranking, five or twenty flow-analogues, and the mean in analog temperature computation does not change our results in a significant manner.
Extreme persistence of daily NAO− conditions during winter 2010
Winter 2010 is characterized by an exceptional Northern Hemisphere mean atmospheric circulation [Wang et al., 2010] . The Z500 anomaly exhibits a strong zonal hemispheric pattern, with anomalously high (low) pressures over the pole (mid-latitudes) (Figure 1a ).
Such a structure corresponds to a negative phase of the Arctic Oscillation (AO) [Thompson and Wallace, 1998 ]. In particular L'Heureux et al. [2010] highlighted that the negative AO of December 2009 was a record.
Wintertime European temperatures are largely controlled by the NAO [Hurrell , 1995; van Loon and Rogers, 1978, among others] , which can be interpreted, even if controversial, as the regional signature of the AO [e.g. Ambaum et al., 2001] . Over the NAE domain, the winter 2010 hemispheric zonal structure is associated with an extremely negative phase of the NAO, even constituting a record of NAOi since winter 1824, almost 3σ below average North-Atlantic atmospheric blockings [e.g. Shabbar et al., 2001] . This is the case of winter 2010 which has the 2 nd highest blocking frequency since 1949 (Figure 1c, f 1980-1995 (1995-2010) , we found no significative (p − values < 5%) trends in any seasonal index or weather regime frequency over the last three decades.
How cold was winter 2010 in Europe?
Winter 2010 European temperatures were on average anomalously cold (Figure 3a) 
Temperatures in flow-analogues of winter 2010
For 84% ter 2010 (Figure 3b,c) . Only a few stations in Southern Europe exhibit a higher analog temperature than observed. The maximal departure is found over the Alps region, where observed temperatures were close to average while analog anomalies reach −2σ. Averaged over all stations, past flow-analogues of winter 2010 were associated with a negative temperature normalized anomaly reaching −2.1σ, the 2 nd coldest analog anomaly close behind winter 1963 (−2.3σ, see Figure 3d ). In other words the daily atmospheric dynam- highlighted in other studies Yiou et al., 2007; Vautard and Yiou, 2009 ] and is also found in future climate projections [Stephenson et al., 2006; van Ulden et al., 2007] . Subtracting the 1980-2009 trend from observed Tavg time series ranks winter 2010 in 2 nd position with −1.9σ, which is similar to the analog anomaly (Figure 3e ), suggesting the long-term trend in European temperatures to cause the departure between temperatures and dynamics in winter 2010. Figure 3f ). This observed reduction of wintertime diurnal range is consistent with future climate projections that generally suggest a higher warming in minimal than maximal winter temperatures, due to the higher contribution of long-wave than short-wave net downward surface radiative flux for that season [Vose et al., 2005] . Analog temperatures do not exhibit any significant tendency in recent diurnal ranges, and even exhibit a higher maximal than minimal temperature anomaly in winter 2010 (Figure 3f ). The record dirunal range of winter 2010 may be linked to the unusual snow cover highlighted by Seager et al. [2010] , modifying albedo and daytime surface energy budget (not shown).
Conclusions
Our findings indicate that the cold -albeit not exceptional -temperature anomaly of winter 2010 was mostly caused by an extreme persistence of the negative phase of the NAO. However similar dynamics were generally associated with even colder temperatures in past winters, so that the winter 2010 mean temperature expected from the sole atmospheric circulation is comparable to the cold record of winter 1963. Winter 2010 appears to be a remarkable event within a longer-term tendency: observed temperature anomalies have been quasi-systematically warmer than flow-analogues ones over the past two decades, which probably results from background climate warming [Yiou et al., 2007; . The fact that the positive departure of observed temperatures from flow-analogues is larger for minimal than for maximal temperatures is consistent with radiative consequences of increasing greenhouse gases concentrations.
Thus winter 2010 can thus be considered as an example of a cold extreme superimposed on a warming climate. Since (i) climate projections suggest the European warming will continue in future decades, and (ii) the extreme dynamics of winter 2010 was one of the most favorable to cold weather since the 1820s, this winter could be one of the coldest of the 21 st century. 
